Substructure dependence of jet cross sections at HERA and determination






















Substructure dependence of jet cross
sections at HERA and determination of αs
ZEUS Collaboration
Abstract
Jet substructure and differential cross sections for jets produced in the photo-
production and deep inelastic ep scattering regimes have been measured with
the ZEUS detector at HERA using an integrated luminosity of 82.2 pb−1.
The substructure of jets has been studied in terms of the jet shape and sub-
jet multiplicity for jets with transverse energies EjetT > 17 GeV. The data
are well described by the QCD calculations. The jet shape and subjet mul-
tiplicity are used to tag gluon- and quark-initiated jets. Jet cross sections
as functions of EjetT , jet pseudorapidity, the jet-jet scattering angle, dijet in-
variant mass and the fraction of the photon energy carried by the dijet sys-
tem are presented for gluon- and quark-tagged jets. The data exhibit the be-
haviour expected from the underlying parton dynamics. A value of αs(MZ) of
αs(MZ) = 0.1176 ± 0.0009 (stat.) +0.0009−0.0026 (exp.) +0.0091−0.0072 (th.) was extracted from
the measurements of jet shapes in deep inelastic scattering.
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1 Introduction
Jet production in ep collisions provides a fruitful testing ground of perturbative QCD
(pQCD). Measurements of differential cross sections for jet production [1–9] have allowed
detailed studies of parton dynamics, tests of the proton and photon parton distribution
functions (PDFs) as well as precise determinations of the strong coupling constant, αs.
Most of these measurements refer to the production of jets irrespective of their partonic
origin – quarks or gluons – and, therefore, have only provided general tests of the partonic
structure of the short-distance process and of combinations of the proton and/or photon
PDFs. The identification of quark- and gluon-initiated jets would allow more stringent
tests of the QCD predictions. Such measurements of the production of jets containing
a heavy quark have been made by means of tagging specific decay channels [10]. In
the present study, quark- and gluon-initiated jets are identified on a statistical basis by
utilising their internal structure.
Two kinematic regimes have been studied: photoproduction (γp) and neutral current
(NC) deep inelastic ep scattering (DIS). Photoproduction at HERA is studied by means
of ep scattering at low four-momentum transfers (Q2 ≈ 0, where Q2 is the virtuality of
the exchanged photon). In photoproduction, two types of QCD processes contribute to
jet production at leading order (LO) [11, 12]: either the photon interacts directly with a
parton in the proton (the direct process) or the photon acts as a source of partons which
scatter off those in the proton (the resolved process). Jet production in NC DIS up to
LO in αs proceeds as in the quark-parton model (V q → q, where V = γ or Z0) or via the
boson-gluon fusion (V g → qq¯) and QCD-Compton (V q → qg) processes.
This paper is organised as follows. Section 2 gives the theoretical expectations for the
measurements presented. The experimental set-up and data selection are described in Sec-
tions 3 and 4, respectively. Section 5 explains the QCD calculations used in this analysis.
The corrections applied to the data and systematic uncertainties are given in Section 6.
The results on the mean integrated jet shape and subjet multiplicity in photoproduction
and NC DIS are presented in Section 7. The measurements of differential inclusive jet
cross sections as a function of the jet pseudorapidity1, ηjet, and jet transverse energy, EjetT ,
for samples of jets in the photoproduction and NC DIS regimes, separated according to
their shape and subjet multiplicity, are presented in Section 8. In addition, measurements
of differential dijet cross sections in photoproduction as a function of cos θ∗, where θ∗ is the
angle between the jet-jet axis and the beam direction in the dijet centre-of-mass system,
the dijet invariant mass, M jj, and the fraction of the photon momentum participating in
1 The ZEUS coordinate system is a right-handed Cartesian system, with the Z axis pointing in the
proton beam direction, referred to as the “forward direction”, and the X axis pointing left towards
the centre of HERA. The coordinate origin is at the nominal interaction point.
1
the production of the two jets with highest EjetT , x
obs
γ , are also presented for a variety of
tagged-jet configurations. The results are compared to leading-logarithm parton-shower
calculations and used to investigate the dynamics underlying the production of specific
tagged-jet final states. Finally, in Section 9, the measurements of the mean integrated
jet shape in NC DIS are compared to next-to-leading-order (NLO) QCD predictions and
used to extract αs.
2 Theoretical expectations
The internal structure of a jet depends mainly on the type of primary parton – quark or
gluon – from which it originated and to a lesser extent on the particular hard scattering
process. At sufficiently high jet transverse energy, where the influence of fragmentation
effects becomes negligible, the internal structure of a jet is calculable in pQCD. Such
calculations predict that gluon-initiated jets are broader than quark-initiated jets due to
the larger colour charge of the gluon. The jet shape [13] and subjet multiplicity [14]
can be used to study the internal structure of the jets and to classify them: a “broad”-
jet sample is enriched in gluon-initiated jets, whereas a “narrow”-jet sample is enriched
in quark-initiated jets. Thus, measurements of cross sections for broad- and narrow-jet
samples allow the contributing hard-scattering subprocesses to be disentangled.
The dominant partonic subprocesses responsible for jet photoproduction in the kinematic
region presented in this paper are γg → qq¯ and qγgp → qg, where qγ (gp) denotes a
quark (gluon) coming from the photon (proton). The kinematics of these two-to-two
subprocesses are such that the majority of the jets in the region ηjet < 0 originate from
outgoing quarks, whereas the fraction of gluon-initiated jets increases as ηjet increases.
The distribution in θ∗ reflects the underlying parton dynamics and is sensitive to the
spin of the exchanged particle. In the case of direct-photon interactions, the contributing
subprocesses at LO QCD are (i) γq(q¯) → gq(q¯) and (ii) γg → qq¯, which involve quark
exchange. The behaviour of the dijet angular distribution as | cos θ∗| → 1 is the same for
all direct subprocesses and proportional to (1−| cos θ∗|)−1. In the case of resolved-photon
interactions, the contributing subprocesses are qg → qg, qq′ → qq′, gg → gg, ... . The
dominant subprocesses are those that involve gluon exchange and the behaviour of the
dijet angular distribution as | cos θ∗| → 1 is proportional to (1−| cos θ∗|)−2. The different
behaviour of the dijet angular distribution for resolved and direct processes has been
measured in photoproduction at HERA [3,15]. The study of the angular distribution for
dijet events with tagged quark- and/or gluon-initiated jets in the final state, provides then
a handle to investigate the underlying parton dynamics further.
Measurements of jet substructure in NC DIS allow a determination of αs. In zeroth-order
2
pQCD, a jet consists of only one parton and the jets have no substructure. The first
non-trivial contribution to the jet substructure is given by O(αs) processes in which, e.g.,
a quark radiates a gluon at a small angle; these are proportional to the rate of parton
emission and thus to αs. For DIS in the laboratory frame, all necessary QCD corrections
to the jet cross sections for the determination of αs from the jet substructure are available.
2.1 Jet-shape and subjet-multiplicity definitions
The kT cluster algorithm [16] was used in the longitudinally invariant inclusive mode [17]
to define jets in the hadronic final state. The integrated jet shape, ψ(r), is defined using
only those particles belonging to the jet as the fraction of the jet transverse energy that





where ET (r) is the transverse energy within the given cone of radius r. The mean inte-
grated jet shape, 〈ψ(r)〉, is defined as the averaged fraction of the jet transverse energy








where Njets is the total number of jets in the sample.
The integrated jet shape is calculated at LO in pQCD as the fraction of the jet transverse












T ) is the cross section for inclusive jet production. In the NLO QCD pre-
dictions of the integrated jet shape, the numerator in the above formula is calculated to
O(αα2s) and the denominator to O(ααs).
Studies of QCD using jet production in NC DIS at HERA are usually performed in the
Breit frame. The analysis of jet shapes presented here was performed in the laboratory
frame, since calculations of this observable in the Breit frame can, at present, only be
performed to O(αs), precluding a reliable determination of αs. However, calculations of
the jet shape can be performed up to O(α2s) in the laboratory frame. Furthermore, the
analysis was performed in the kinematic region defined by Q2 > 125 GeV2 since, at lower
values of Q2, the sample of events with at least one jet with EjetT > 17 GeV is dominated by
3
dijet events. The calculation of the integrated jet shape for dijet events can be performed
only up to O(αs), which would severely restrict the accuracy of the predictions.
Subjets were resolved within a jet by considering all particles associated with the jet and
repeating the application of the kT cluster algorithm until, for every pair of particles i
and j the quantity dij = min(ET,i, ET,j)
2 · ((ηi − ηj)2 + (ϕi − ϕj)2), where ET,i, ηi and
ϕi are the transverse energy, pseudorapidity and azimuth of particle i, respectively, was
greater than dcut = ycut(E
jet
T )
2. All remaining clusters were called subjets. The subjet
multiplicity, nsubjet, depends upon the value chosen for the resolution parameter ycut. The
mean subjet multiplicity, 〈nsubjet〉, is defined as the average number of subjets contained






where nisubjet(ycut) is the number of subjets in jet i.
3 Experimental set-up
The data used in this analysis were collected during the 1998-2000 running period, when
HERA operated with protons of energy Ep = 920 GeV and electrons or positrons
2 of
energy Ee = 27.5 GeV, and correspond to an integrated luminosity of 82.2± 1.9 pb−1.
A detailed description of the ZEUS detector can be found elsewhere [18,19]. A brief outline
of the components that are most relevant for this analysis is given below. Charged particles
are tracked in the central tracking detector (CTD) [20], which operates in a magnetic
field of 1.43T provided by a narrow superconducting solenoid. The CTD consists of
72 cylindrical drift-chamber layers, organized in nine superlayers covering the polar-angle
region 15◦ < θ < 164◦. The transverse-momentum resolution for full-length tracks can
be parameterised as σ(pT )/pT = 0.0058pT ⊕ 0.0065 ⊕ 0.0014/pT , with pT in GeV. The
tracking system was used to measure the interaction vertex with a typical resolution along
(transverse to) the beam direction of 0.4 (0.1) cm and to cross-check the energy scale of
the calorimeter.
The high-resolution uranium–scintillator calorimeter (CAL) [21] covers 99.7% of the total
solid angle and consists of three parts: the forward (FCAL), the barrel (BCAL) and
the rear (RCAL) calorimeters. Each part is subdivided transversely into towers and
longitudinally into one electromagnetic section (EMC) and either one (in RCAL) or two (in
2 Here and in the following, the term “electron” denotes generically both the electron (e−) and the
positron (e+).
4
BCAL and FCAL) hadronic sections (HAC). The smallest subdivision of the calorimeter
is called a cell. Under test-beam conditions, the CAL single-particle relative energy
resolutions were σ(E)/E = 0.18/
√
E for electrons and σ(E)/E = 0.35/
√
E for hadrons,
with E in GeV.
The luminosity was measured from the rate of the bremsstrahlung process ep→ eγp. The
resulting small-angle energetic photons were measured by the luminosity monitor [22], a
lead-scintillator calorimeter placed in the HERA tunnel at Z = −107 m.
4 Data selection and jet search
A three-level trigger system was used to select events online [19, 23]. At the first level,
events were triggered by a coincidence of a regional or transverse energy sum in the CAL
and at least one track from the interaction point measured in the CTD. At the second
level, a total transverse energy of at least 8 GeV, excluding the energy in the eight CAL
towers immediately surrounding the forward beampipe, was required, and cuts on CAL
energies and timing were used to suppress events caused by interactions between the
proton beam and residual gas in the beampipe. At the third level, a jet algorithm was
applied to the CAL cells and jets were reconstructed using the energies and positions of
these cells. Events with at least one (two) jet(s) with ET > 10 (6) GeV and η < 2.5 were
accepted for the inclusive jet (dijet) samples. For systematic trigger studies, all events
with a total transverse energy of at least 25 GeV, excluding the energy in the eight CAL
towers immediately surrounding the forward beampipe, were accepted. No jet algorithm
was applied in this case.
In the offline selection, a reconstructed event vertex consistent with the nominal inter-
action position was required and cuts based on the tracking information were applied to
reduce beam-induced interactions and cosmic-ray events. The main steps of the selection
of photoproduction and DIS events are briefly explained below.
4.1 Selection of the photoproduction sample
Events from collisions between quasi-real photons and protons were selected offline using
similar criteria to those reported in a previous publication [2, 5]. Charged current DIS
events were rejected by requiring the total missing transverse momentum, pmissT , to be







DIS events with an identified scattered-electron candidate in the CAL [24] were removed
from the sample using the method described previously [25]. The remaining background
5
from NC DIS events was estimated by Monte Carlo (MC) techniques to be below 0.3%
and was neglected.
The selected sample consisted of events from ep interactions with Q2 . 1 GeV2 and
a median Q2 ≈ 10−3 GeV2. The γp centre-of-mass energy is given by Wγp = √sy,
where y is the inelasticity variable and
√
s is the ep centre-of-mass energy, s = 4EeEp.
The inelasticity variable was reconstructed using the method of Jacquet-Blondel [26],
yJB = (E − pZ)/2Ee, where E is the total CAL energy and pZ is the Z component of the
energy measured in the CAL cells. The value of y was systematically underestimated by
∼ 20% with an r.m.s. of ∼ 10%. This effect, which was due to energy lost in the inactive
material in front of the CAL and to particles lost in the rear beampipe, was satisfactorily
reproduced by the MC simulation of the detector. The MC event samples were therefore
used to correct for this underestimation. The photoproduction sample was restricted to
142 < Wγp < 293 GeV [2, 5].
4.2 Selection of the NC DIS sample
Events from NC DIS interactions were selected offline using similar criteria to those re-
ported in a previous publication [27]. The scattered-electron candidate was identified
using the pattern of energy deposits in the CAL [24]. The energy, E ′e, and polar angle, θe,
of the electron candidate were also determined from the CAL measurements. The double-
angle method [28], which uses θe and an angle γ that corresponds, in the quark-parton
model, to the direction of the scattered quark, was used to reconstruct Q2, Q2DA. The
angle γ was reconstructed using the CAL measurements of the hadronic final state.
An electron candidate of energy E ′e > 10 GeV was required to ensure a high and well
understood electron-finding efficiency and to suppress background from photoproduction.
The inelasticity variable as reconstructed from the electron, ye, was required to be below
0.95. This condition removed events in which fake electron candidates from photoproduc-
tion background were found in the FCAL. The requirements 38 < (E− pZ) < 65 GeV, to
remove events with large initial-state radiation and to reduce further the photoproduc-




GeV, to remove cosmic rays and beam-related
background, were applied. The kinematic range was restricted to Q2DA > 125 GeV
2.
4.3 Jet search
The kT cluster algorithm was used in the longitudinally invariant inclusive mode to re-
construct jets in the hadronic final state from the energy deposits in the CAL cells. For
DIS events, the jet algorithm was applied after excluding those cells associated with the
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scattered-electron candidate. The jet search was performed in the η − ϕ plane of the
laboratory frame. The jet variables were defined according to the Snowmass conven-
tion [29]. The jets reconstructed from the CAL cell energies are called calorimetric jets




cal. A total of
199237 (98240) events with at least one jet satisfying EjetT,cal > 13 GeV and −1 < ηjetcal < 2.5
were selected in the photoproduction (DIS) sample.
5 QCD calculations
5.1 Leading-logarithm parton-shower Monte Carlo models
The programs Pythia 6.1 [30] and Herwig 6.1 [31] were used to generate photoproduc-
tion events for resolved and direct processes. Events were generated using GRV-HO [32]
for the photon and CTEQ4M [33] for the proton PDFs. In both generators, the par-
tonic processes are simulated using LO matrix elements, with the inclusion of initial-
and final-state parton showers. Fragmentation into hadrons is performed using the Lund
string model [34] as implemented in Jetset [30,35] in the case of Pythia, and a cluster
model [36] in the case of Herwig. Samples of Pythia including multiparton interactions
(MI) [37] with a minimum transverse momentum for the secondary scatter of 1 GeV [38]
were used to study the effects of a possible “underlying event”.
Neutral current DIS events including radiative effects were simulated using the Her-
acles 4.6.1 [39] program with the Djangoh 1.1 [40] interface to the hadronisation
programs. Heracles includes corrections for initial- and final-state radiation, vertex
and propagator terms, and two-boson exchange. The QCD cascade is simulated using
the colour-dipole model (CDM) [41] including the LO QCD diagrams as implemented in
Ariadne 4.08 [42] and, as a systematic check of the final results, with the MEPS model
of Lepto 6.5 [43]. Both MC programs use the Lund string model for the hadronisation.
The CTEQ5D [44] proton PDFs were used for these simulations.
These MC samples were used to correct the data to the hadron level, defined as those
hadrons with lifetime τ ≥ 10 ps. For this purpose, the generated events were passed
through the ZEUS detector- and trigger-simulation programs based on Geant 3.13 [45].
They were reconstructed and analysed by the same program chain as the data. The jet
search was performed using the energy measured in the CAL cells in the same way as for
the data. The same jet algorithm was also applied to the final-state particles and to the
partons available after the parton shower; the jets found in this way are referred to as
hadronic and partonic jets, respectively.
Electroweak-radiative, hadronisation and Z0-exchange effects are not at present included
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in the NLO QCD programs described in Section 5.2. Therefore, samples of MC events were
generated without electroweak-radiative effects so that the data could be corrected for
these effects when comparing with the NLO QCD predictions. Additional samples of MC
events without Z0-exchange effects were generated to correct the NLO QCD calculations
for these effects and for hadronisation.
5.2 NLO QCD calculations
The NLO QCD calculations of the mean integrated jet shapes in DIS3 are based on
the program Disent [46]. The calculations use a generalised version of the subtraction
method [47] and are performed in the massless MS renormalisation and factorisation
schemes. The number of flavours was set to five; the renormalisation (µR) and factorisation




220 MeV, which corresponds to αs(MZ) = 0.1175. The MRST99 [48] parameterisations of
the proton PDFs were used as defaults for the comparisons with the data. The calculations
obtained with Disent were cross-checked by using the program Disaster++ [49]. The
differences were smaller than 0.5% for r ≥ 0.3.
Since the measurements refer to jets of hadrons, whereas the QCD calculations refer to
partons, the predictions were corrected to the hadron level using the MC samples described
in Section 5.1. The multiplicative correction factor, Chad, defined as 〈ψ(r)〉had/〈ψ(r)〉par,
where 〈ψ(r)〉par (had) is the mean integrated jet shape before (after) the hadronisation pro-
cess, was estimated with both the CDM and MEPS models. The procedure for applying
hadronisation corrections to the NLO QCD calculations was verified by checking that the
MC predictions for the integrated jet shape at the parton level reproduced the NLO QCD
calculations. The agreement was well within 0.2% after adjusting the contributions of the
different subprocesses (eq → eq, eg → eqq¯ and eq → eqg) in the MC to reproduce the ηjet
cross section and jet shape of the NLO calculations. The values of Chad obtained with
the CDM model were taken as the defaults; the predictions from the two models were in
good agreement. The value of Chad was 0.95 at r = 0.5 for E
jet
T = 21 GeV and approached
unity as EjetT increased.
3 Only QCD calculations of jet shapes in DIS are compared to the data because there is no NLO program
available for similar calculations in photoproduction.
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6 Corrections and systematic uncertainties
6.1 Jet energy corrections
The comparison of the reconstructed jet variables for the hadronic and the calorimetric jets
in simulated events showed that no correction was needed for ηjet and ϕjet (ηjet ≃ ηjetcal and
ϕjet ≃ ϕjetcal). However, the transverse energy of the calorimetric jet was an underestimate
of the corresponding hadronic jet energy by an average of∼ 15%, with an r.m.s. of ∼ 10%.
This underestimation was mainly due to the energy lost by the particles in the inactive
material in front of the CAL. The transverse-energy corrections to calorimetric jets, as a
function of ηjetcal and E
jet
T,cal and averaged over ϕ
jet
cal, were determined for the photoproduction
and DIS samples using the corresponding MC-generated events [2, 3, 27]. Henceforth, jet
variables without subscript refer to the corrected values. After these corrections to the jet
transverse energy, events with at least one jet satisfying EjetT > 17 GeV and−1 < ηjet < 2.5
were retained for the studies of inclusive jet observables and events with at least two jets
with Ejet1T > 17 GeV, E
jet2
T > 14 GeV and −1 < ηjet < 2.5, where the jets are labelled in
decreasing EjetT order, were retained for the dijet studies.
6.2 Acceptance corrections
Using the selected data sample of inclusive jets with EjetT > 17 GeV and −1 < ηjet <
2.5, in the kinematic region defined by Q2 < 1 GeV2 and 142 < Wγp < 293 GeV in
photoproduction and Q2 > 125 GeV2 in DIS, the mean integrated jet shape and mean
subjet multiplicity were reconstructed using the CAL cells and corrected to the hadron
level by MC techniques. The corrected values were determined bin-by-bin using the MC
samples separately for each region of ηjet and EjetT studied. For this approach to be
valid, the distributions of the uncorrected integrated jet shape and subjet multiplicity
in the data must be well described by the MC simulations at the detector level. This
condition was in general satisfied by the MC photoproduction models. In DIS, to obtain
the best description of the uncorrected jet shape in the data by the MC simulations,
the contributions of the different subprocesses (eq → eq, eg → eqq¯ and eq → eqg) were
reweighted so as to reproduce the mean integrated jet shape and ηjet distributions in the
data. This procedure was applied to the simulations of CDM and MEPS and for each
region in ηjet and EjetT . The correction factors were evaluated using these tuned versions
of CDM and MEPS in DIS and the default mixture of resolved and direct processes in
Pythia, Herwig and Pythia MI.
Differential jet cross sections were measured using the selected data sample of inclusive
jet events. Dijet differential cross sections in photoproduction were measured in the same
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kinematic region as above and refer to the two highest-EjetT jets of hadrons in the event
with Ejet1T > 17 GeV, E
jet2
T > 14 GeV and −1 < ηjet < 2.5. The Pythia (CDM) MC
samples of photoproduction (DIS) events were used to compute the acceptance correc-
tions to the jet distributions. These correction factors took into account the efficiency
of the trigger, the selection criteria and the purity and efficiency of the jet reconstruc-
tion. The inclusive jet cross sections were obtained by applying bin-by-bin corrections to
the measured distributions. The samples of Herwig and MEPS were used to compute
the systematic uncertainties coming from the fragmentation and parton-shower models in
photoproduction and DIS, respectively (see Section 6.3).
6.3 Systematic uncertainties
A study of the main sources contributing to the systematic uncertainties of the mea-
surements was performed. The sources considered in the photoproduction measurements
are:
• the effect of the treatment of the parton shower and hadronisation was estimated by
using the Herwig generator to evaluate the correction factors;
• the effect of the simulation of the trigger was evaluated by using an alternative trigger
configuration, as explained in Section 4, in both data and MC events;
• the effect of the uncertainty on Wγp was estimated by varying yJB by its uncertainty
of ±1% in simulated events;
• the effect of the uncertainty on the parameterisations of the proton and photon PDFs
was estimated by using alternative sets of PDFs in the MC simulation to calculate the
correction factors;
• the effect of the uncertainty on the absolute energy scale of the calorimetric jets was
estimated by varying EjetT by its uncertainty of ±1% in simulated events. The method
used was the same as in earlier publications [2, 3, 50] and verified with the 98-00 data
sample [5].
In the DIS regime, the main sources contributing to the systematic uncertainties of the
measurements are:
• the effect of the treatment of the parton shower was estimated by using the MEPS
model to evaluate the correction factors;
• the effect of the simulation of the trigger was evaluated by using an alternative trigger
configuration, as explained in Section 4, in both data and MC events;
10
• the effect of the uncertainty on the scattered-electron identification was estimated by
using an alternative technique [51] to select the candidates, in both data and MC
events;
• the effect of the uncertainty of ±1% in the absolute energy scale of the jets was applied
to the simulated events;
• the effect of the uncertainty of ±1% in the absolute energy scale of the scattered-
electron candidate was applied to the simulated events.
These uncertainties, for each regime, were added in quadrature to the statistical uncer-
tainty of the data and are shown as error bars in the figures showing the substructure
measurements. For the cross-section measurements, the uncertainty arising from that on
the absolute energy scale of the jets is shown separately. The uncertainty in the luminosity
determination of 2.25% was not included.
7 Measurements of jet substructure
7.1 Jet-shape measurements
The measured mean integrated jet shape as a function of r, 〈ψ(r)〉, for different regions in
ηjet is shown in Fig. 1 and Table 1 for the photoproduction regime. The jets broaden as ηjet
increases. Leading-logarithm parton-shower predictions from Pythia for resolved plus
direct processes and gluon- and quark-initiated jets are compared to the data in Fig. 1.
The measured 〈ψ(r)〉 is reasonably well described by the MC calculations of Pythia
for resolved and direct processes for −1 < ηjet < 1.5, whereas for 1.5 < ηjet < 2.5,
the measured jets are slightly broader than the predictions. From the comparison with
the predictions for gluon- and quark-initiated jets, it is seen that the measured jets are
quark-like for −1 < ηjet < 0 and become increasingly more gluon-like as ηjet increases.
Figure 2 shows the same measurements as Fig. 1, compared to the predictions of Pythia
including MI. This model gives rise to jets that are much broader than those observed. The
predictions using Herwig, also shown in Fig. 2, describe the data well for −1 < ηjet < 1,
are slightly narrower than the data for 1 < ηjet < 1.5 and fail to describe the data for
1.5 < ηjet < 2.5. These results and those presented below are consistent with the previous
ZEUS study of jet shapes in photoproduction [38] which was performed using an iterative
cone algorithm and at lower EjetT .
Figure 3 and Tables 2 and 3 show the 〈ψ(r)〉 in different regions of EjetT for the photopro-
duction regime. The jets become narrower as EjetT increases. The predictions of Pythia
for resolved plus direct processes reproduce the data reasonably well. For 17 < EjetT < 29
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GeV, the predictions for resolved processes alone also describe the data, consistent with
the dominance of resolved processes in this EjetT region.
Figure 4a shows the measured mean integrated jet shape at a fixed value of r = 0.5,
〈ψ(r = 0.5)〉, as a function of ηjet in photoproduction. The predictions of Pythia for
quark-initiated jets lie above the data, while those for gluon-initiated jets lie below the
data. The prediction of Pythia, including resolved and direct processes, also shown in
Fig. 4a, fails to describe the relatively strong broadening of the measured jet shape for
ηjet > 1.5. This might be because the fraction of gluon-initiated jets in the region ηjet > 1.5
is underestimated or that the effects of a possible underlying event in the data have not
been properly taken into account [38]; however, the prediction of Pythia MI fails to
describe the data over the whole ηjet range. Since 〈ψ(r = 0.5)〉 changes from a value close
to the upper curve (quark-initiated jets) to a value near the lower curve (gluon-initiated
jets) as ηjet increases, the broadening of 〈ψ(r = 0.5)〉 as ηjet increases is consistent with an
increase of the fraction of gluon-initiated jets. The 〈ψ(r = 0.5)〉 shows an increase with
EjetT (see Fig. 4b). The predictions of Pythia for the dependence of 〈ψ(r = 0.5)〉 on EjetT
in resolved plus direct processes reproduce the data well for EjetT > 21 GeV. Therefore,
the discrepancies between data and MC are concentrated at low EjetT and high η
jet values.
The measured 〈ψ(r)〉 for different regions of ηjet and EjetT is shown in Figs. 5 and 6 and
Tables 4 to 6 for DIS events. Figure 7 shows the measured 〈ψ(r = 0.5)〉 as a function of
ηjet and EjetT . There is no significant variation of 〈ψ(r = 0.5)〉 with ηjet in DIS, whereas
〈ψ(r = 0.5)〉 increases as EjetT increases, as observed in a previous study [52] using an
iterative cone algorithm. These conclusions are also in agreement with those of a previous
publication [27], in which the internal structure of jets in NC DIS was studied using the
mean subjet multiplicity.
The NLO QCD calculations of 〈ψ(r)〉, corrected for hadronisation and Z0-exchange effects,
are compared to the data in Figs. 5 to 7. The NLO QCD calculations give a good
description of 〈ψ(r)〉 for r ≥ 0.2; the fractional differences between the measurements and
the predictions, also shown in Figs. 5 and 6, are less than 0.2% for r = 0.5. The sensitivity
of the measurements to the value of αs(MZ) is illustrated in Fig. 7b by comparing the
measured 〈ψ(r = 0.5)〉 to NLO QCD calculations using three different values of αs(MZ).
The NLO QCD calculations provide a good description of the measured 〈ψ(r = 0.5)〉 and
thus this observable was used to determine αs(MZ), as explained in Section 9.
Figure 8 shows the ηjet and EjetT dependence of 〈ψ(r = 0.5)〉 for photoproduction and DIS
events; the MC predictions of CDM and Pythia for quark- and gluon-initiated jets are
compared to the data. Figure 8a shows that the sample of jets in DIS is consistent with
being dominated by quark-initiated jets with an approximately constant fraction over the
ηjet region measured. Photoproduced jets in the backward region are similar to jets in DIS
and this agreement confirms, independently of the comparison to MC predictions, that
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they are dominated by quark-initiated jets. The increasing deviation in the integrated jet
shape for photoproduced jets from that of jets in DIS as ηjet (EjetT ) increases (decreases)
can be attributed to the increasing fraction of gluon-initiated jets arising from resolved
processes.
7.2 Subjet-multiplicity measurements
The measured mean subjet multiplicity as a function of ycut for different regions of η
jet and
EjetT for photoproduction is shown in Figs. 9 and 10 and Tables 7 to 9. Figure 11 shows the
measured mean subjet multiplicity at a fixed value of ycut = 10
−2, 〈nsubjet(ycut = 10−2)〉,
as a function of ηjet and EjetT . The measured mean subjet multiplicity increases as η
jet
increases and decreases as EjetT increases.
The predictions of Pythia for quark-initiated, gluon-initiated and all jets at the hadron
level are compared to the measurements in Figs. 9 to 11. The predicted 〈nsubjet(ycut)〉 is
larger for gluon-initiated jets than for quark-initiated jets in each region of ηjet. For quark-
or gluon-initiated jets alone, 〈nsubjet(ycut = 10−2)〉 exhibits only a small dependence on
ηjet (see Fig. 11a). The ηjet-dependence of 〈nsubjet(ycut = 10−2)〉 in the calculation for all
jets is dictated by the ηjet variation of the fractions of quark- and gluon-initiated jets.
This variation, in turn, originates from the different dominant two-body subprocess. The
calculations using Pythia based on the predicted admixture of quark- and gluon-initiated
jets give a good description of the measured 〈nsubjet(ycut)〉 as a function of ycut, ηjet and
EjetT . These results are in agreement with those from the mean integrated jet shape (see
Section 7.1).
8 Study of quark and gluon dynamics
The predictions of the MC for the jet shape and subjet multiplicity generally reproduce
the data well and show the expected differences for quark- and gluon-initiated jets. These
differences are used now to select samples enriched in quark- and gluon-initiated jets to
study the dynamics of the hard subprocesses in more detail.
8.1 Selection of quark- and gluon-initiated jets
Quark- and gluon-initiated jets were selected on a statistical basis based on their sub-
structure. The integrated jet shape at r = 0.3, ψ(r = 0.3), and the subjet multiplicity
at ycut = 5 · 10−4, nsubjet(ycut = 5 · 10−4), were used to select quark- and gluon-initiated
jets in the photoproduction and DIS samples. The values r = 0.3 and ycut = 5 · 10−4
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were chosen to be as small as possible to be sensitive to the differences between quark
and gluons, but large enough to avoid uncertainties due to the detector resolution. The
different behaviour of these distributions for gluon- and quark-initiated jets is shown in
Fig. 12 for samples of Pythia and Herwig generated events. These observables were
used to classify the jets into:
• a gluon-enriched sample (broad jets), defined as those jets with ψ(r = 0.3) < 0.6
and/or nsubjet(ycut = 5 · 10−4) ≥ 6, and
• a quark-enriched sample (narrow jets), defined as those jets with ψ(r = 0.3) > 0.8
and/or nsubjet(ycut = 5 · 10−4) < 4.
Non-overlapping ranges were chosen to suppress migration effects. The values for the
cuts in ψ(r = 0.3) and nsubjet(ycut = 5 · 10−4) chosen were a compromise between purity
and statistics. The purity of the gluon-initiated sample is around 50%, whereas for the
quark-enriched sample it is around 90%. Table 10 shows the purities and efficiencies for
the different MC and selected samples.
The remaining number of jets after applying the jet-shape, subjet-multiplicity and the
combination of both selection cuts in the broad and narrow inclusive jet photoproduction
data sample and in the broad-broad, narrow-narrow and broad-narrow dijet data samples
selected using the jet-shape method are shown in Table 11. The same table shows also
the number of jets in the broad and narrow inclusive jet NC DIS data sample selected
according to the jet shape. In the next sections, measurements of cross sections are
presented for samples of jets separated according to their shape and/or subjet multiplicity.
8.2 Measurements of dσ/dηjet
The differential inclusive-jet cross-section dσ/dηjet for photoproduction is shown in Fig. 13a
and Table 12 for samples of broad and narrow jets, separated according to the jet-shape
selection. The measured cross sections exhibit different behaviours: the ηjet distribution
for broad jets increases up to the highest ηjet value measured, whereas the distribution for
narrow jets peaks at ηjet ≈ 0.7. Measurements of dσ/dηjet in photoproduction for samples
of broad and narrow jets separated according to either the subjet-multiplicity selection
or a combination of jet shape and subjet multiplicity are shown in Figs. 13c and 13d and
Tables 13 and 14, respectively. These measurements also exhibit a difference in shape for
the samples of broad and narrow jets. The same conclusions as in the case of using the
integrated-jet-shape selection method can be drawn.
Leading-logarithm parton-shower MC calculations using Pythia, Herwig and Pythia
MI for resolved plus direct photon processes are compared to the measurements in Figs. 13a
and 13b. The same selection method was applied to the jets of hadrons in the MC event
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samples and the calculations have been normalised to the total measured cross section of
each sample. The MC predictions provide a good description of the shape of the narrow-jet
distribution in the data. The shape of the broad-jet distribution in the data is reasonably
well described by Pythia or Pythia MI, but the prediction of Herwig fails to describe
this distribution. From the calculation of Pythia (Herwig), the sample of broad jets se-
lected according to the jet shape is predicted to contain 15(12)% of gg subprocesses in the
final state and 50(47)% of gq, and a contamination from processes with only quarks in the
final state of 35(41)%. There is a large contribution from gq final states in the broad-jet
sample because the partonic cross section for the resolved subprocess qγgp → qg is much
larger than the cross section for the subprocesses qq¯ → gg plus gg → gg. The sample of
narrow jets contains 62(61)% of qq subprocesses and 34(36)% of qg, with a contamination
of 4(3)% from gg subprocesses. The measured cross section for the broad-jet sample is
(32.1 ± 0.1)% of the total cross section, whereas the narrow-jet sample is (40.6 ± 0.1)%
using the jet-shape selection. Pythia (Herwig) predicts 31.5(27.1)% for the broad-jet
sample and 37.4(44.0)% for the narrow-jet sample. Similar conclusions can be drawn
from the subjet-multiplicity selection and the combined jet-shape and subjet-multiplicity
selection.
Figure 13a also shows the predictions of Pythia for jets of quarks and gluons sepa-
rately. These predictions have been obtained without any jet-shape selection and are
normalised to the data cross sections. The calculation that includes only quark-initiated
jets gives a good description of the narrow-jet cross section, whereas the calculation for
gluon-initiated jets provides a reasonable description of the broad-jet cross section. This
result supports the expectation that the broad (narrow)-jet sample is dominated by gluon
(quark)-initiated jets.
Figure 14a and Table 15 show dσ/dηjet in DIS for samples of broad and narrow jets
separated according to the jet shape. The two cross sections have the same variation with
ηjet, as can be seen from the ratio of the narrow- to the broad-jet cross sections. However,
the narrow-jet cross section is about five times larger than the broad-jet cross section,
which shows that the DIS sample is enriched in quark-initiated jets. Since the ratio of the
cross sections is approximately constant, the quark and gluon content of the final state in
DIS does not change with ηjet, as also was concluded from Fig. 7a. The predictions of the
CDM model are compared to the data in Fig. 14a and give a good description of the data.
The predictions of MEPS give a poorer description. Figure 14b shows the same measured
cross sections together with the calculations of CDM for gluon- and quark-initiated jets;
no jet-shape selection has been applied in this case. These predictions describe well the
shapes of the broad- and narrow-jet samples, respectively.
15
8.3 Measurements of dσ/dEjetT
The differential inclusive jet cross-section dσ/dEjetT , measured in the range 17 < E
jet
T <
95 GeV, is presented in Figs. 15a and 15b and Tables 16 and 17 for samples of broad
and narrow jets, separated according to the jet shape, for photoproduction and DIS
events, respectively. The cross sections for the narrow-jet samples have a harder spectrum
than that for the broad-jet sample. Figures 15c and 15d and Tables 18 and 19 show
the dσ/dEjetT cross section for samples of broad and narrow jets separated according
to the subjet-multiplicity selection and the combined integrated-jet-shape and subjet-
multiplicity selection in the photoproduction regime. These measurements exhibit the
same behaviour as in Fig. 15a, but the cross-over between the broad- and narrow-jet
distributions takes place at slightly higher EjetT . The MC calculations using Pythia,
which have been obtained using the same selection method as for the data, are compared
to the measurements in Figs. 15a, c and d. The MC predictions provide a good description
of the shapes of the data distributions. The predictions of the CDM MC are compared to
the measurements in Fig. 15b and give a good description of the data. In photoproduction,
the different EjetT spectra exhibited by the narrow- and broad-jet samples are understood
in terms of the increasing fraction of gluon-initiated jets as EjetT decreases.
8.4 Measurements of dσ/d cos θ∗
For samples of broad-broad or narrow-narrow dijet events, only the absolute value of
cos θ∗ can be determined because the outgoing jets are indistinguishable. The differential
dijet cross section as a function of | cos θ∗| has been measured in the range | cos θ∗| < 0.8
for dijet invariant masses M jj > 52 GeV for photoproduction. The region of phase
space in the (M jj, | cos θ∗|) plane was chosen in order to minimise the bias introduced
by selecting jets with Ejet1T > 17 GeV and E
jet2
T > 14 GeV. The measured dσ/d| cos θ∗|
for the samples of broad-broad dijet events and narrow-narrow dijet events are presented
in Fig. 16a and Table 20. The measured and predicted cross sections were normalised
to unity at | cos θ∗| = 0.1. The | cos θ∗| distribution for the two samples of dijet events
increases as | cos θ∗| increases; however they exhibit a different slope. The cross section
at | cos θ∗| = 0.7 for broad-broad dijet events is more than seven times larger than the
measured value at | cos θ∗| = 0.1, whereas for narrow-narrow dijet events, the cross section
at | cos θ∗| = 0.7 is only twice as large as at | cos θ∗| = 0.1.
Calculations using Pythia for broad-broad and narrow-narrow dijet events are compared
to the data in Fig. 16a. The predictions from Pythia give a good description of the shape
of the measured dσ/d| cos θ∗|. Pythia predicts 16% of gg-final-state subprocesses, 52% of
gq and 32% of qq for the broad-broad dijet sample in the kinematic region of this measure-
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ment. For the narrow-narrow dijet sample, the predictions are: 71% of qq subprocesses,
28% of qg and 1% of gg. The differences observed in the measured dσ/d| cos θ∗| for the
two samples are adequately reproduced by the calculations and understood in terms of
the dominant two-body processes: the resolved subprocess qγgp → qg, mediated by gluon
exchange for the broad-broad dijet sample and the direct subprocess γg → qq¯, mediated
by quark exchange for the narrow-narrow dijet sample.
The sample of photoproduced dijet events with one broad jet and one narrow jet allows
a measurement of the unfolded dσ/d cos θ∗broad cross section. Since in this case the two
jets can be distinguished, θ∗broad refers to the scattering angle measured with respect to
the broad jet. Figure 16b and Table 21 show the measured dijet cross section as a func-
tion of cos θ∗broad. The measured and predicted cross sections were normalised to unity at
cos θ∗broad = 0.1. The dijet angular distribution shows a different behaviour on the negative
and positive sides; the measured cross section at cos θ∗broad = 0.7 is approximately twice
as large as at cos θ∗broad = −0.7. The calculation from Pythia gives a good description
of the shape of the measured dσ/d cos θ∗broad. The predictions of Pythia for the partonic
content are: 52% of qg subprocesses, 4% of gg and 44% of qq. The observed asymmetry
is adequately reproduced by the calculation and is understood in terms of the dominant
resolved subprocess qγgp → qg. The cos θ∗broad distribution for this subprocess is asym-
metric due to the different dominant diagrams in the regions cos θ∗broad → ±1: t-channel
gluon exchange (cos θ∗broad → +1) and u-channel quark exchange (cos θ∗broad → −1).
8.5 Measurements of dσ/dM jj and dσ/dxobsγ
The photoproduction differential dijet cross section as a function of M jj has been mea-
sured in the range 52 < M jj < 123 GeV for | cos θ∗| < 0.8. The measured dσ/dM jj
for the samples of broad-broad and narrow-narrow dijet events are presented in Fig. 16c
and Table 22. The measured dσ/dM jj cross sections decrease as M jj increases, but the
distribution for the narrow-narrow dijet sample exhibits a harder spectrum, as was also
seen for the inclusive jet cross section as a function of EjetT . The MC calculations from
Pythia are compared to the data in Fig. 16c and give a good description of the shape
of the measured dσ/dM jj. The different shape in both cross sections is understood in
terms of the dominant two-body processes: the broad-broad dijet sample is dominated by
the resolved subprocess qγgp → qg and the narrow-narrow dijet sample is dominated by
the direct subprocess γg → qq¯. Direct processes reach larger values of M jj than those of
resolved since the full incoming-photon energy is available at the hard interaction.
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Resolved and direct processes populate different regions in xobsγ , with the direct processes
concentrated at high values. The dijet cross section as a function of xobsγ is presented
in Fig. 16d and Table 23 and is reasonably well described by the MC predictions of
Pythia. The cross section for the broad-broad dijet sample is approximately constant
as a function of xobsγ whereas the cross section for the narrow-narrow dijet sample peaks
at high values. The shape of the distribution for the broad-broad (narrow-narrow) dijet
events is consistent with the dominance of resolved (direct) processes.
9 Determination of αs
The measured 〈ψ(r = 0.5)〉 for EjetT > 21 GeV in DIS was used to determine αs(MZ)
using a method similar to one presented previously [27]. The NLO QCD calculations
were performed using the program Disent with three different MRST99 sets of proton
PDFs, central, MRST99↓↓ and MRST99↑↑; the value of αs(MZ) used in each partonic
cross-section calculation was that associated with the corresponding set of PDFs. The
αs(MZ) dependence of the predicted 〈ψ(r = 0.5)〉 in each bin i of EjetT was parameterised
according to
[〈ψ(r = 0.5)〉(αs(MZ))]i = C i1 + C i2αs(MZ),
where C i1 and C
i
2 were determined from a χ
2 fit by using the NLO QCD calculations
corrected for hadronisation and Z0-exchange effects. Finally, a value of αs(MZ) was
determined in each EjetT region as well as from all the data points by a χ
2 fit.
The values of αs(MZ) as determined from the measured 〈ψ(r = 0.5)〉 in each region
of EjetT are shown in Fig. 17 and Table 24. Taking into account only the statistical
uncertainties, the value of αs(MZ) obtained by combining all the E
jet
T regions is αs(MZ) =
0.1176± 0.0009 (stat.).
The uncertainties on the extracted value of αs(MZ) due to the experimental systematic
uncertainties were evaluated by repeating the analysis above for each systematic check
described in Section 6.3. The total experimental systematic uncertainty on the value of
αs(MZ) is ∆αs(MZ)/αs(MZ) =
+0.8
−2.2%. The main contribution to the positive (negative)
systematic uncertainty comes from the uncertainty in the jet energy scale (scattered-
electron identification).
The following sources of theoretical uncertainties on the extracted value of αs(MZ) were
considered:
• terms beyond NLO were estimated by varying µR between Q/2 and 2Q and keeping




• the uncertainty on the modelling of the parton shower was estimated by using the
MEPS model to calculate the parton-to-hadron correction factors; this results in a
variation of ∆αs(MZ) = 0.0018;
• the uncertainty in the choice of µR was estimated by using µR = EjetT instead of Q and
µF was set to Q; this results in a variation of ∆αs(MZ) = 0.0003;
• the uncertainty in the NLO QCD calculations due to the uncertainties in the pro-
ton PDFs was estimated by repeating the calculations using 40 additional sets from
CTEQ6 [53]; this results in a variation of ∆αs(MZ) = 0.0002;
• the uncertainty of the calculations in the value of µF was estimated by repeating the
calculations with µF = Q/2 and 2Q; this results in a variation of ∆αs(MZ) = 0.0001.
These uncertainties were added in quadrature and give a total theoretical uncertainty
of ∆αs(MZ)/αs(MZ) =
+7.7
−6.1%. As a cross-check of the extracted value of αs(MZ), the
fit procedure was repeated by using the five sets of the CTEQ4 “A-series”, resulting in
αs(MZ) = 0.1178 ± 0.0009, in very good agreement with the central value determined
above. As a consistency check, the whole procedure was repeated for 〈ψ(r = 0.4)〉 and
〈ψ(r = 0.6)〉, giving values of αs(MZ) = 0.1158± 0.0008 and αs(MZ) = 0.1193± 0.0010,
respectively, which are compatible with the value determined from 〈ψ(r = 0.5)〉. The
determination of αs(MZ) was also repeated using the calculations from the Disaster++
program; this gave αs(MZ) = 0.1166± 0.0009, which is compatible with the value quoted
above.
The value of αs(MZ) as determined from the measured 〈ψ(r = 0.5)〉 is therefore
αs(MZ) = 0.1176± 0.0009 (stat.) +0.0009−0.0026 (exp.) +0.0091−0.0072 (th.).
This result is in agreement with recent determinations using measurements of jet produc-
tion in DIS [1, 4, 6, 8, 27] and photoproduction [5] and with the current world average of
0.1183± 0.0027 [54]. This determination of αs has experimental uncertainties as small as
those based on previous measurements. However, the theoretical uncertainty is large and
dominated by terms beyond NLO. Further theoretical work on higher-order contributions
would allow an improved determination of αs from the integrated jet shape in DIS.
10 Summary and conclusions
Measurements of the mean integrated jet shape and mean subjet multiplicities for in-
clusive jet photoproduction and DIS at a centre-of-mass energy of 318 GeV using the
data collected by ZEUS in 1998 to 2000, which correspond to an integrated luminosity
of 82.2 pb−1, have been presented. The measurements refer to jets identified with the kT
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cluster algorithm in the longitudinally invariant inclusive mode in the laboratory frame
and selected according to EjetT > 17 GeV and −1 < ηjet < 2.5. The measurements are
given in the kinematic region defined by Q2 < 1 GeV2 and 142 < Wγp < 293 GeV for
photoproduction and Q2 > 125 GeV2 for DIS. The jet shape broadens (narrows) and the
mean subjet multiplicity increases (decreases) as ηjet (EjetT ) increases in photoproduction.
The observed broadening of the jet shape and the increase of the mean subjet multiplicity
as ηjet increases are consistent with an increase of the fraction of gluon-initiated jets. In
DIS, the data show no significant dependence with ηjet and a moderate dependence with
EjetT . Leading-logarithm parton-shower MC models for photoproduction and NLO QCD
calculations for DIS give a good description of the data.
Measurements of differential inclusive jet and dijet cross sections in the photoproduc-
tion and DIS regimes separated into broad and narrow jets according to their internal
structure have been presented. Leading-logarithm parton-shower MC models give a good
description of the data. The inclusive jet cross-sections dσ/dηjet and dσ/dEjetT for broad-
and narrow-jet samples show the expected behaviour for samples enriched in gluon- and
quark-initiated jets, respectively. The dijet cross section as a function of | cos θ∗|, mea-
sured in the range | cos θ∗| < 0.8 and integrated over M jj > 52 GeV, displays for broad-
broad dijets a behaviour consistent with that expected for a sample enriched in processes
mediated by gluon exchange. Narrow-narrow dijets, however, show a behaviour consis-
tent with a sample enriched in processes mediated by quark exchange. The dijet cross-
section dσ/d cos θ∗broad, measured in the region −0.8 < cos θ∗broad < 0.8 and integrated over
M jj > 52 GeV, for a sample of events with broad-narrow dijets, exhibits a large asymme-
try consistent with the expected dominance of gluon (quark) exchange as cos θ∗broad → +1
(cos θ∗broad → −1). The dijet cross section as a function of M jj and xobsγ for the sample
of broad-broad dijets shows a behaviour consistent with the dominance of the resolved
qγgp → qg subprocess, whereas the sample with narrow-narrow dijets is consistent with
the dominance of the direct subprocess γg → qq¯.
The measurements of the mean integrated jet shape in DIS have been used to extract
a value of αs(MZ) by comparing to the predictions of NLO QCD as a function of E
jet
T .
The calculations reproduce the measured observables well, demonstrating the validity
of the description of the internal structure of jets by pQCD. The value of αs(MZ) as
determined by fitting the NLO QCD calculations to the measured mean integrated jet
shape 〈ψ(r = 0.5)〉 for EjetT > 21 GeV is
αs(MZ) = 0.1176± 0.0009 (stat.) +0.0009−0.0026 (exp.) +0.0091−0.0072 (th.).
This value is in good agreement with the current world average.
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Table 1: Measured mean integrated jet shape corrected to the hadron level for
jets in photoproduction with EjetT > 17 GeV in different η
jet regions. The statistical
and systematic uncertainties are also indicated.
26
r 〈ψ(r)〉 ± stat. ± syst.
17 < EjetT < 21 GeV 21 < E
jet
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25 < EjetT < 29 GeV 29 < E
jet





















Table 2: Measured mean integrated jet shape corrected to the hadron level for jets
in photoproduction with −1 < ηjet < 2.5 in different EjetT regions. The statistical
and systematic uncertainties are also indicated.
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r 〈ψ(r)〉 ± stat. ± syst.
35 < EjetT < 41 GeV 41 < E
jet





















r 〈ψ(r)〉 ± stat. ± syst.
47 < EjetT < 55 GeV 55 < E
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Table 3: Measured mean integrated jet shape corrected to the hadron level for jets
in photoproduction with −1 < ηjet < 2.5 in different EjetT regions. The statistical
and systematic uncertainties are also indicated.
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r 〈ψ(r)〉 ± stat. ± syst.
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Table 4: Measured mean integrated jet shape corrected to the hadron level and
for electroweak radiative effects for jets in DIS with EjetT > 17 GeV in different η
jet
regions. The statistical and systematic uncertainties are also indicated.
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r 〈ψ(r)〉 ± stat. ± syst.
17 < EjetT < 21 GeV 21 < E
jet
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Table 5: Measured mean integrated jet shape corrected to the hadron level and
for electroweak radiative effects for jets in DIS with −1 < ηjet < 2.5 in different
EjetT regions. The statistical and systematic uncertainties are also indicated.
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r 〈ψ(r)〉 ± stat. ± syst.
35 < EjetT < 41 GeV 41 < E
jet
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Table 6: Measured mean integrated jet shape corrected to the hadron level and
for electroweak radiative effects for jets in DIS with −1 < ηjet < 2.5 in different
EjetT regions. The statistical and systematic uncertainties are also indicated.
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ycut 〈nsubjet(ycut)〉 ± stat. ± syst.
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Table 7: Measured mean subjet multiplicity corrected to the hadron level for jets
in photoproduction with EjetT > 17 GeV in different η
jet regions. The statistical and
systematic uncertainties are also indicated.
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ycut 〈nsubjet(ycut)〉 ± stat. ± syst.
17 < EjetT < 21 GeV 21 < E
jet
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Table 8: Measured mean subjet multiplicity corrected to the hadron level for jets
in photoproduction with −1 < ηjet < 2.5 in different EjetT regions. The statistical
and systematic uncertainties are also indicated.
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ycut 〈nsubjet(ycut)〉 ± stat. ± syst.
35 < EjetT < 41 GeV 41 < E
jet
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Table 9: Measured mean subjet multiplicity corrected to the hadron level for jets
in photoproduction with −1 < ηjet < 2.5 in different EjetT regions. The statistical
and systematic uncertainties are also indicated.
34
Pythia Herwig CDM MEPS
jet shape (%)
gluons 57/48 50/43 43/47 33/65







Table 10: Purity/efficiency of gluon-initiated jets in the broad-jet sample and
of quark-initiated jets in the narrow-jet sample from the Pythia and Herwig
photoproduction Monte Carlo generated samples and from the CDM and MEPS
















Table 11: Number of jets (events) in the inclusive-jet (dijet) photoproduction
and NC DIS samples selected according to various methods.
35
dσ/dηjet ± stat. ± syst. ± EjetT − scale (pb)





























Table 12: Measured differential ep cross-section dσ/dηjet for inclusive jet photo-
production with EjetT > 17 GeV. The jets have been selected according to their shape
into broad and narrow jets. The statistical and systematic uncertainties −not asso-
ciated with the absolute energy scale of the jets− are also indicated. The systematic
uncertainties associated to the absolute energy scale of the jets are quoted separately.
dσ/dηjet ± stat. ± syst. ± EjetT − scale (pb)





























Table 13: Measured differential ep cross-section dσ/dηjet for inclusive jet photo-
production with EjetT > 17 GeV. The jets have been selected according to their subjet
multiplicity into broad and narrow jets. The statistical and systematic uncertain-
ties −not associated with the absolute energy scale of the jets− are also indicated.
The systematic uncertainties associated to the absolute energy scale of the jets are
quoted separately.
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dσ/dηjet ± stat. ± syst. ± EjetT − scale (pb)
ηjet broad jets narrow jets




























Table 14: Measured differential ep cross-section dσ/dηjet for inclusive jet pho-
toproduction with EjetT > 17 GeV. The jets have been selected according to the
combination of the jet shape and subjet multiplicity into broad and narrow jets.
The statistical and systematic uncertainties −not associated with the absolute en-
ergy scale of the jets− are also indicated. The systematic uncertainties associated
to the absolute energy scale of the jets are quoted separately.
dσ/dηjet ± stat. ± syst. ± EjetT − scale (pb)
ηjet broad jets narrow jets




























Table 15: Measured differential ep cross-section dσ/dηjet for inclusive jet pro-
duction in DIS with EjetT > 17 GeV. The jets have been selected according to their
shape into broad and narrow jets. The statistical and systematic uncertainties −not
associated with the absolute energy scale of the jets− are also indicated. The sys-
tematic uncertainties associated to the absolute energy scale of the jets are quoted
separately.
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dσ/dEjetT ± stat. ± syst. ± EjetT − scale (pb)
EjetT (GeV) broad jets narrow jets






































Table 16: Measured differential ep cross-section dσ/dEjetT for inclusive jet pho-
toproduction with −1 < ηjet < 2.5. The jets have been selected according to their
shape into broad and narrow jets. The statistical and systematic uncertainties −not
associated with the absolute energy scale of the jets− are also indicated. The sys-
tematic uncertainties associated to the absolute energy scale of the jets are quoted
separately.
dσ/dEjetT ± stat. ± syst. ± EjetT − scale (pb)
EjetT (GeV) broad jets narrow jets




































Table 17: Measured differential ep cross-section dσ/dEjetT for inclusive jet pro-
duction in DIS with −1 < ηjet < 2.5. The jets have been selected according to their
shape into broad and narrow jets. The statistical and systematic uncertainties −not
associated with the absolute energy scale of the jets− are also indicated. The sys-
tematic uncertainties associated to the absolute energy scale of the jets are quoted
separately.
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dσ/dEjetT ± stat. ± syst. ± EjetT − scale (pb)
EjetT (GeV) broad jets narrow jets






































Table 18: Measured differential ep cross-section dσ/dEjetT for inclusive jet pho-
toproduction with −1 < ηjet < 2.5. The jets have been selected according to their
subjet multiplicity into broad and narrow jets. The statistical and systematic un-
certainties −not associated with the absolute energy scale of the jets− are also
indicated. The systematic uncertainties associated to the absolute energy scale of
the jets are quoted separately.
dσ/dEjetT ± stat. ± syst. ± EjetT − scale (pb)
EjetT (GeV) broad jets narrow jets




































Table 19: Measured differential ep cross-section dσ/dEjetT for inclusive jet pho-
toproduction with −1 < ηjet < 2.5. The jets have been selected according to the
combination of the jet shape and subjet multiplicity into broad and narrow jets.
The statistical and systematic uncertainties −not associated with the absolute en-
ergy scale of the jets− are also indicated. The systematic uncertainties associated
to the absolute energy scale of the jets are quoted separately.
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dσ/d| cos θ∗| ± stat. ± syst. ± EjetT − scale (pb)
| cos θ∗| broad-broad dijets narrow-narrow dijets
















Table 20: Measured differential ep cross-section dσ/d| cos θ∗| for dijet photo-
production with M jj > 52 GeV. The events have been selected according to their
shape into broad-broad and narrow-narrow dijets. The statistical and systematic
uncertainties −not associated with the absolute energy scale of the jets− are also
indicated. The systematic uncertainties associated to the absolute energy scale of
the jets are quoted separately.
dσ/d cos θ∗broad ± stat. ± syst. ± EjetT − scale (pb)
cos θ∗broad broad-narrow dijets
































Table 21: Measured differential ep cross-section dσ/d cos θ∗broad for dijet photo-
production with M jj > 52 GeV. The events have been selected according to their
shape into broad-narrow dijets. The statistical and systematic uncertainties −not
associated with the absolute energy scale of the jets− are also indicated. The sys-
tematic uncertainties associated to the absolute energy scale of the jets are quoted
separately.
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dσ/dM jj ± stat. ± syst. ± EjetT − scale (pb)
M jj (GeV) broad-broad dijets narrow-narrow dijets






















Table 22: Measured differential ep cross-section dσ/dM jj for dijet photoproduc-
tion with | cos θ∗| < 0.8. The events have been selected according to their shape into
broad-broad and narrow-narrow dijets. The statistical and systematic uncertain-
ties −not associated with the absolute energy scale of the jets− are also indicated.
The systematic uncertainties associated to the absolute energy scale of the jets are
quoted separately.
dσ/dxobsγ ± stat. ± syst. ± EjetT − scale (pb)
xobsγ broad-broad dijets narrow-narrow dijets




















Table 23: Measured differential ep cross-section dσ/dxobsγ for dijet photoproduc-
tion. The events have been selected according to their shape into broad-broad and
narrow-narrow dijets. The statistical and systematic uncertainties −not associated
with the absolute energy scale of the jets− are also indicated. The systematic un-
certainties associated to the absolute energy scale of the jets are quoted separately.
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Table 24: The αs(MZ) values determined from the QCD fit of the measured
〈ψ(r = 0.5)〉 as a function of EjetT in DIS. The statistical, systematic and theoretical
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Figure 1: Measured mean integrated jet shape corrected to the hadron level (dots),
〈ψ(r)〉, for jets in photoproduction with EjetT > 17 GeV in different ηjet regions. The
error bars, which are typically smaller than the dots, show the statistical and system-
atic uncertainties added in quadrature. For comparison, the predictions of Pythia
including resolved plus direct processes for quark (dot-dashed lines), gluon (dashed
lines) and all (solid lines) jets are shown. The open circles show the fractional
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Figure 2: Measured mean integrated jet shape corrected to the hadron level (dots),
〈ψ(r)〉, for jets in photoproduction with EjetT > 17 GeV in different ηjet regions. For
comparison, the predictions of Herwig (dashed lines) and Pythia MI (dot-dashed
lines) including resolved plus direct processes are shown. The open circles show the
fractional difference of the data to the predictions of Herwig. Other details are as
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Figure 3: Measured mean integrated jet shape corrected to the hadron level (dots),
〈ψ(r)〉, for jets in photoproduction in the range −1 < ηjet < 2.5 in different EjetT
regions. For comparison, the predictions of Pythia including resolved (dashed
lines), direct (dot-dashed lines) and resolved plus direct processes (solid lines) are
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Figure 4: Measured mean integrated jet shape in photoproduction corrected to the
hadron level at a fixed value of r = 0.5 (dots), 〈ψ(r = 0.5)〉, as a function of (a)
ηjet with EjetT > 17 GeV and (b) E
jet
T with −1 < ηjet < 2.5. Other details are as in
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Figure 5: Measured mean integrated jet shape corrected to the hadron level and for
electroweak radiative effects (squares), 〈ψ(r)〉, for jets in DIS with EjetT > 17 GeV in
different ηjet regions. For comparison, NLO predictions corrected for hadronisation
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Figure 6: Measured mean integrated jet shape corrected to the hadron level and
for electroweak radiative effects (squares), 〈ψ(r)〉, for jets in DIS in the range
−1 < ηjet < 2.5 in different EjetT regions. Other details are as in the captions to
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Figure 7: Measured mean integrated jet shape in DIS corrected to the hadron
level and for electroweak radiative effects at a fixed value of r = 0.5 (squares),
〈ψ(r = 0.5)〉, as a function of (a) ηjet with EjetT > 17 GeV and (b) EjetT with
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Figure 8: Measured mean integrated jet shape corrected to the hadron level at a
fixed value of r = 0.5 for DIS (squares) and photoproduction (dots), 〈ψ(r = 0.5)〉,
as a function of (a) ηjet with EjetT > 17 GeV and (b) E
jet
T with −1 < ηjet < 2.5.
The predictions for gluon-initiated (lower hatched areas) and quark-initiated (upper
hatched areas) jets are also shown. The bounds of each hatched area are given by
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Figure 9: Measured mean subjet multiplicity corrected to the hadron level (dots),
〈nsubjet(ycut)〉, for jets in photoproduction with EjetT > 17 GeV in different ηjet
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Figure 10: Measured mean subjet multiplicity corrected to the hadron level (dots),
〈nsubjet(ycut)〉, for jets in photoproduction in the range −1 < ηjet < 2.5 in different
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Figure 11: Measured mean subjet multiplicity in photoproduction corrected to
the hadron level at a fixed value of ycut = 10
−2 (dots), 〈nsubjet(ycut = 10−2), as a
function of (a) ηjet with EjetT > 17 GeV and (b) E
jet
T with −1 < ηjet < 2.5. Other















































































































Figure 12: (a) The predicted integrated jet shape distribution at r = 0.3 and (c)
the predicted subjet multiplicity distribution at ycut = 5 · 10−4 at the hadron level
for samples of gluon- (shaded histograms) and quark-initiated (hatched histograms)
jets simulated using the program Pythia; (b) and (d) show the same distributions
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Figure 13: Measured differential ep cross-section dσ/dηjet for inclusive jet pho-
toproduction with EjetT > 17 GeV in the kinematic region defined by Q
2 < 1 GeV2
and 142 < Wγp < 293 GeV. The jets have been selected according to (a,b) their
shape, (c) subjet multiplicity or (d) a combination of both in broad jets (dots) and
narrow jets (open circles). The thick error bars (not visible) represent the statistical
uncertainties of the data, and the thin error bars show the statistical and systematic
uncertainties −not associated with the uncertainty in the absolute energy scale of
the jets, shown as a shaded band− added in quadrature. The calculations of Pythia
for resolved plus direct processes separated according to the same criteria as in the
data are included in (a,c,d) (solid lines). In (a), the calculations of Pythia for
gluon (dashed line) and quark (dot-dashed line) jets are also included. In (b), the
calculations of Herwig (dashed lines) and Pythia MI (dot-dashed lines) with
the same selection as in the data are included. The MC calculations have been
normalised to the total measured cross section of each type. In (c) and (d), the
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Figure 14: Measured differential ep cross-section dσ/dηjet for inclusive jets in
DIS with EjetT > 17 GeV in the kinematic region defined by Q
2 > 125 GeV2. The
jets have been selected according to their shape as broad jets (black squares) and
narrow jets (white squares). The lower part of (a) shows the ratio between the mea-
sured dσ/dηjet for the narrow- and broad-jet samples (triangles). The calculations
of CDM (solid lines) and MEPS (dashed lines) are included in (a). In (b), the
calculations of CDM for gluon- (dashed line) and quark-initiated (dot-dashed line)
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Figure 15: (a) Measured differential ep cross-section dσ/dEjetT for inclusive jet
photoproduction in the range −1 < ηjet < 2.5 in the kinematic region defined by
Q2 < 1 GeV2 and 142 < Wγp < 293 GeV. (b) Measured differential ep cross-section
dσ/dEjetT for inclusive jet DIS in the range −1 < ηjet < 2.5 in the kinematic region
defined by Q2 > 125 GeV2. In (a) and (b), the jets have been selected according
to their shape. In (c) and (d), the photoproduced jets have been selected according
to the subjet multiplicity and the combination of jet shape and subjet multiplicity,
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Figure 16: Measured differential ep cross sections for dijet photoproduction with
Ejet1T > 17 GeV, E
jet2
T > 14 GeV and −1 < ηjet < 2.5 in the kinematic region defined
by Q2 < 1 GeV2 and 142 < Wγp < 293 GeV as a function of (a) | cos θ∗| and (b)
cos θ∗broad for M
jj > 52 GeV, (c) M jj for | cos θ∗| < 0.8 and (d) xobsγ . The cross
sections are for events with broad-broad (dots), narrow-narrow (open circles) and
broad-narrow (stars) dijet configurations selected according to their shape. Other
details are as in the caption to Fig. 13.
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Figure 17: (a) The αs(MZ) values determined from the QCD fit of the measured
integrated jet shape 〈ψ(r = 0.5)〉 in the different EjetT regions (squares). (b) The
combined value of αs(MZ) obtained using all the E
jet
T regions (square). In both plots,
the inner error bars represent the statistical uncertainties of the data. The outer
error bars show the statistical and systematic uncertainties added in quadrature.
The dotted vertical bars represent the theoretical uncertainties.
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